Highly compacted bentonite-based materials are often considered as buffer or sealing materials for deep high-level radioactive waste repositories. In situ, the initial state of bentonite-based materials is only partially saturated, which has a very high suction that will promote water absorption from the host rock. In addition, a gradient of water saturation will be formed between the external part and the central part of the compacted bentonite blocks. In this paper, water retention tests, under both constant-volume and free-swelling conditions, were performed to investigate the suction behavior of a compacted bentonite/sand mixture. In order to investigate the sealing ability of the partially saturated bentonite/sand mixture, gas permeability tests were also carried out under the in situ confining stress. It was found that the confining conditions have a limited effect on the water retention capacity of the compacted bentonite/sand mixture at lower levels of relative humidity (RH), while this influence is significant at higher RH levels. The results of gas permeability tests show that gas permeability is very sensitive to the water content and the confining pressure. When the sample (stable at RH ¼98%) was subjected to a in situ confining pressure (7-8 MPa), the gas permeability was very low (1.83×10 -14 m/s) which indicates that gas tightness can be obtained even though the sample is not fully saturated.
Introduction
High-level radioactive waste (HLRW) repositories are usually constructed in bedrock (e.g., Callovo-Oxfordian argillite) several hundred meters below the ground surface. Such deep geological repositories are usually composed of a natural geological barrier (host rock), an engineered barrier made of a metallic canister, and bentonite-based materials. In this context, compacted bentonitebased materials are usually used to seal tunnels and galleries, or as buffer materials around the waste containers, the purpose of which is to create a "low permeable zone" around them (Alonso et al., 2006) . To seal a repository gallery, the clay barrier (buffer) is usually formed by blocks of compacted bentonite-based materials arranged in vertical slices, which are put in place with initial construction gaps . In addition, these gaps also exist between the host rock and the compacted bentonite blocks. The gaps account for 6.6% (FEBEX mock-up tests), 9% (French concept, according to Andra (the French radioactive waste management agency)), and 14% (SEALEX in situ tests) of the volume of the gallery (Martin et al., 2006; Andra, 2005a; Barnichon and Deleruyelle, 2009 ).
The initial state of the compacted bentonite-based materials is usually partially saturated. Once placed in the galleries, they will be progressively hydrated due to the underground water infiltrating from the host rock. As indicated by some researchers, the amount of water that infiltrates into the bentonite-based materials depends largely on their swelling properties (Pierre, 2006; Siemens and Blatz, 2009; Cui et al., 2008; Ye et al., 2009a) . The swelling properties of expansive materials, with the same initial conditions, clearly differ depending on the confinement conditions (constantvolume or free swelling) (Villar, 2007; Wang et al., 2012 Wang et al., , 2013 Ye et al., 2009a; Cui et al., 2008; Tang et al., 2013) , the confining stress applied to the materials (Mollins et al., 1996; Pang, 2000a, 2000b; Lloret and Villar, 2007; Hoffmann et al., 2007; Villar and Gómez-Espina, 2007; Cui et al., 2011) , the chemical components of the water (Studds et al., 1998; Abdullah et al., 1999; Zhu et al., 2013; Wang et al., 2014) , and/or the temperature (Ye et al., 2009b; Cui et al., 2011; Ye et al., 2013) . In addition, the initial physical properties (e.g., dry density, water content, and claymineral content) and the initial state (e.g., loose or compacted) also have a great influence on the swelling properties of the materials Ogata., 1994, 1999; Villar and Lloret, 2008; Siemens and Blatz, 2009; Tang and Cui, 2010; Agus et al., 2010) .
In situ, the infiltration of water into the bentonite-based barrier is a very slow process. During this process, a gradient of water saturation will be presented between the external and the central parts of the clay barrier, as shown in Fig. 1 . The external part of the barrier, that is hydrated first, will swell and will be confined in an extremely stiff host rock. As a consequence, it will compress the internal part not yet hydratedand apply a confining pressure. To assess the sealing ability of the barrier, especially for the central unsaturated part, it is essential to measure its permeability under in situ confining stress. In terms of the permeability of compacted bentonite-based materials, similar to their swelling properties, it also depends on the initial state (water content, porosity, and dry density) and the boundary conditions (confining stress, gas pressure, and temperature) (Villar et al., 2012; Vangpaisal and Bouazza, 2004; Cho et al., 1999; Sällfors and Öberg-Högsta, 2002; Lloret and Villar, 2007; Villar and Lloret, 2004; Didier et al., 2000) .
In this study, firstly, the suction behaviors of four compacted bentonite/sand mixtures at both constant-volume and freeswelling conditions, were investigated. Then, the gas permeabilities of five partially saturated bentonite/sand mixtures, under in situ confining pressure, were measured to evaluate their sealing abilities.
Theoretical model

Equation of Kelvin-Laplace
The Kelvin-Laplace equation describes the relationship between the capillary pressure, P cap , and the relative humidity, RH. The RH of the air above the meniscus in a capillary pore is given by Kelvin's equation (Thomson, 1871) and cited by Galvin (2005) as
where υ m is the molar volume, R is the universal gas constant, T is the temperature, γ is the surface tension, r is the radius of a droplet, and θ is the contact angle. Indeed, for a porous medium, it is assumed that this equation describes the relationship between the inside RH and the maximum radius of the pores which are filled with water under this RH. With the equation of Fig. 1 . Schematic diagram of the in situ saturation process: example of the access drift and storage gallery for type C waste, at a depth of -500m, after Andra (2005b).
Young-Laplace (Pellicer and Garcia-Morales, 2000) ,
According to Eqs. (1) and (2), capillary pressure P cap can be expressed as the following equation:
Water retention model
The sorption isotherm (relationship between the degree of saturation S r and relative humidity RH) can be determined by the water retention model and the Kelvin-Laplace equation. One of the most popular retention models is the model of van Genuchten (the VG model) (van Genuchten, 1980) , namely,
in which m ¼ 1À 1/n and P r are two parameters which are related to the size distribution of the pores in the porous medium. However, this model cannot properly simulate the experimental results when the degree of water saturation is close to 1 (Feyen et al., 1998; Liu, 2012) . Therefore, Gerke and Genuchten (1993) proposed a dual-porosity theory to improve the fitting effect. It is assumed that in a porous medium, there are two pore systems: a macrospore or the fracture system and a less permeable matrix pore system. Durner (1994) presented the following retention model which contains the two pores systems:
where ω 1 is the volume fraction of the first pore system and ω 2 ¼ 1 À ω 1 is the volume fraction of the second pore system. m 1 ¼ 1Àð1=n 1 Þ, p 1 , m 2 ¼ 1 Àð1=n 2 Þ, and p 2 are related to the size distribution of the first and the second pore systems. Therefore, there are 5 independent parameters in this model, namely, ω 1 , m 1 , p 1 ; m 2 , and p 2 . In order to facilitate the numerical simulation, Liu (2012) proposed a dual-porosity model (the DP model) that contains the following three independent parameters:
In fact, this dual retention model is based on the supposition that the sample has a bimodal distribution of pore size (Maekawa et al., 1999) .
Materials and experimental methods
Materials and sample preparation
The materials used in our study consist of a mixture of 70% bentonite (MX80-type Wyoming sodic montmorillonite) and 30% sand. Sand was chosen as the inert additive in order to limit the swelling ability of the bentonite and to improve its thermal conductivity. As required by Andra, the target swelling pressure is between 7-8 MPa. To obtain this swelling pressure, the mixture should be compacted to yield a dry density of 1.77 g/cm 3 and a water content of 15.2%. To obtain such a water content, the bentonite/sand powder mixture was put in a climatic chamber with a constant RH (85%) and temperature (22 1C) and then compacted in a steel tube at an axial pressure of 12 MPa. The resulting samples are 12.5 or 25 mm in height and 37 mm in diameter. Two tests were performed under constant-volume condition (SO1 and SO2), as shown in Photo 1. In the tests, the sample was made to swell in the tube, while the radial deformations were obstructed by the inner surface of the tube and the axial strain was blocked by the use of two porous plates. Two other tests were performed under freeswelling condition (SF1 and SF2). Five samples (SF3-1-SF3-5) were used to perform the gas permeability tests. More information can be found in Table 1. 3.2. Experimental methodology 3.2.1. Method to obtain different saturation levels under constant-volume/free-swelling conditions
In order to obtain uniformly partially water-saturated bentonite/ sand samples, each sample was placed in a hermetic chamber at a given RH of 75%, 85%, 92%, or 98%. These RH were provided by various salt solutions (Greenspan, 1977) . Full water saturation was achieved through mass stabilization in a hermetic chamber at an RH of 100% (over pure distilled water), while for the constantvolume condition the sample was put in a triaxial cell where water could be injected directly to accelerate the saturation process. Within each hermetic chamber, the sample was put above the water surface, where the actual RH was close to the required value.
Free-swelling condition Constant-volume condition Photo 1. Compacted bentonite/sand mixtures used for both free-swelling and constant-volume conditions.
Experimental procedure
Except for samples drying, all tests were performed in an air-conditioned room with a mean temperature of 22 1C. The whole experimental procedure is as follows:
Water retention tests
(1). Samples preparation as described above.
(2). Weighing of the different samples and pieces of experimental mounting (tube, plates, etc.). (3). Equilibrium at RH ¼ 75%, 85%, 92%, and 98% (until mass stabilization). (4). Full water saturation were obtained in a hermetic chamber with RH ¼ 100%, or in a triaxial cell. (5). Finally, these samples were dried in an oven t.
Gas permeability tests
(1). Repeat the 1st-3rd steps of the water retention tests (under the free-swelling condition). (2). Gas permeability tests were performed in a triaxial cell with argon gas (under confined conditions, and with confining pressures of P c : 3 MPa, 5 MPa, 8 MPa, 5 MPa, and 3 MPa). (3). Repeat the 5th step of the water retention tests, and then these samples were put in a hermetic chamber with RH ¼ 100%.
Calculation of parameters
In order to avoid the initial difference between the different samples (e.g., initial mass), we use the relative mass variation (m r ) to express the mass change of the sample during the hydration process,
where m t is the sample mass at time t (day) and m ini is the initial mass, i.e., just after compaction. Similarly, water content w is calculated as follows:
where m dry is the dry mass of the sample. Also, the degree of saturation can be derived from the sample mass at different times, namely,
where m sat is the sample mass measured at the fully saturated state, V P À w is the pore volume when filled with water, and V P À total is the total pore volume. In addition, under free-swelling condition, the sample volume (V RH ) was measured at the end of each RH step. The relative volume variation (V r ) is chosen to express the change in volume during the hydration process.
where V ini is the initial volume of the sample, namely, just after compaction.
Method to measure gas permeability
The experimental set-up used for the gas permeability tests is shown in Fig. 2 . The experimental device includes a confining cell, an oil pump with a digital manometer used to record the applied confining pressure, a buffer tank (0.4 L) supplied with argon gas by a big gas tank, and two manometers that can record the gas pressure in the buffer tank and in the gas tank. Prior to being placed inside the triaxial cell, the sample was jacketed inside a protective Viton ™ membrane. Confining pressure (P c ) was applied and controlled by the oil pump. The maximum P c was limited to 8 MPa, corresponding to the in situ swelling pressure (Liu, 2013) . In steady-state conditions, Darcy's law can be used directly to determine the gas permeability. As shown in Fig. 2 , one side of the circular cylindrical sample was subjected to a given gas pressure ðP 1 Þ, while the other side was subjected to a constant atmospheric level ðP 0 Þ. The average gas volume flow rate ðQ g Þ was evaluated by measuring the time ðΔtÞ required to obtain a small decrease in pressure ðΔPÞ. By assuming a quasi-static flow and the ideal gas state equation, Q g can be calculated as follows:
where V 0 is the volume of the buffer reservoir, and P mean is the average upstream gas pressure, namely, P mean ¼ P 1 À ΔP=2. Therefore, effective gas permeability K ef f m=s À Á can be computed with the following equation: Gas permeability tests were conducted in the triaxial cell under confined conditions after water retention tests.
There are three basic definitions in this equation, namely, K ef f ; K int , and K rg . When applying a gas pressure gradient to a material partially saturated with water, gas flows through the pores filled with air. The measured gas permeability is defined as K ef f . Theoretically, when considering the single phase flow (gas or water) in a porous medium, the permeability ðK int Þ is called the intrinsic permeability, which is independent of the fluid. The relative permeability ðK rg Þ is the ratio of K ef f to K int . ρ is the density of the gas, g is the acceleration due to gravity, h is the height of the sample, and A is the cross-sectional area of the sample.
In fact, the density of gas ρ will change with the gas pressure, so the value of ρ should be corrected according to the injected gas pressure or back pressure, depending on what flow is used for the calculation (see Eqs. (14) and (15)).
where P is the gas pressure, V is the gas volume, n is the amount of substance of gas, T is the temperature of the gas (295.15 K in our tests), m is the gas mass, and M is the molar mass (39.9 g/mole for argon).
Results and analysis
4.1. Water retention properties 4.1.1. Water retention tests under constant-volume condition: SO1 and SO2 Fig. 3 shows the variation in relative mass of samples SO1 and SO2 versus time under different RH, while samples SO1 and SO2 were saturated under constant-volume condition. The two samples were prepared under the same conditions. The first and main observation is that quite a long period is needed for the whole process: 123 days (SO1) vs. 228 days (SO2). For a pre-compacted bentonite/sand mixture, the initial water potential or total suction is not uniform due to incomplete hydration. The hydration process is in fact a process of the redistribution of pore water until an internal equilibrium state is achieved. The total time needed to reach this equilibrium state lies in the pore size (or the coefficient of permeability) and the degree of interaction between the pore water and the clay unit layer (Agus et al., 2010) . The latter is related to the chemistry of the pore water and the physicochemical characteristics of the clay. Since the water permeability of the compacted bentonite/sand mixture (the same as the materials used in this study) is extremely low, within the range of 10 -20 -
10
-21 m 2 (Liu, 2013) , and the interaction between the clay aggregate and the water molecules is very active, it is not strange that such a long time is needed for the whole hydration process.
In addition, samples SO1 and SO2 were prepared under the same conditions, although their total hydration time was not the same. This difference is related to the different plates used for the two tests: plastic plates (SO2) and steel plates (SO1). In fact, two steel plates were used for the first test, but the test lasted a very long time. Thus, it was decided to use plastic porous plates with large holes to accelerate the hydration process of the second test. In terms of the increase in relative mass at each RH step, their values are found to be quite close at lower and higher RH, e.g., 0.65% (SO1-RH¼ 75%) vs. 0.52% (SO2-RH¼ 75%), 5.86% (SO1-RH¼ 98%) vs. 5.80% (SO2-RH¼ 98%), 11.34% (SO1-RH¼ 100%) vs.11.24% (SO2-RH¼ 100%), while a little difference exists in the intermediate RH, e.g., 2.45% (SO1-RH¼ 85%) vs. 1.91% (SO2-RH¼ 85%), 3.74% (SO1-RH¼ Fig. 2 . Experimental setup used for steady state gas permeability tests, consisting of triaxial cell (to apply confinement) and gas system to impose pressure gradient and to measure flow rate. 92%) vs. 3.21% (SO2-RH¼ 92%). The water retention capacity (total soil water potential ψ w ) of the soil mainly consists of two components, i.e., a matric component (ψ m ) and an osmotic component (ψ o ). The matric potential results from the combined effects of the capillary and the adsorptive forces within the soil matrix, which is associated with the pore structure of the sample. The osmotic potential is determined by the presence of solutes in the soil water. In fact, small changes in the waiting time before compaction (when the bentonite powder matures at RH¼ 85%, before compaction) or in the compaction process itself can lead to small changes in the distribution of the radius of the pores. And these changes will lead to the disparity of the matric potential (ψ m ) between the two samples, which may contribute to the minor difference in their increase in relative mass at RH¼ 85% and RH¼ 92%. Fig. 4 shows the relationship between the relative humidity and the degree of saturation. It is clear that this relationship (RH vs. S r ) is similar for both samples. The models of van Genuchten (VG) and Dual-Porosity (DP) were utilized to fit the experimental data, and the related parameters were determined by the least squares method (see Table 2 ). It is found that both models can simulate the experimental results very well. When comparing their correlation coefficients R 2 (Table 2) , it is found that the fitting effect of the DP model is better than that of the VG model, since the DP model adds a parameter. Feyen et al. (1998) and Liu (2012) indicated that the DP model cannot properly simulate the experimental results when S r is close to 1; however, this has not been found in the present study. Perhaps it is related to the limited number of fitting points, namely, only four points are available for the curve fitting. Fig. 5 presents the water retention curves (WRCs: suction vs. w) of the two samples. As shown in the figure, suction gradually decreases with the increase of water content. Furthermore, it is observed that the WRCs of sample SO2 are similar to the WRCs of the bentonite/sand mixture measured by Wang et al. (2013) , while their composition is the same (70% MX80 bentoniteþ 30% sand), but with a slight difference in dry density (1.78 g/cm 3 vs. 1.67 g/cm ), it is clear that the water retention capacity of the mixture is smaller than that of pure bentonite if we overlook their minor differences of dry density. In fact, water is mainly absorbed by bentonite, rather than sand, and the water retention capacity will increase with the increase in bentonite content (Agus et al., 2010) . The disparity attenuates as the water content decreases (or suction increases), which indicates that there is an insignificant contribution of the bentonite content to the water retention capacity of the sample at lower water contents. In addition, it is noted that at the same suction value, the amount of water absorbed by pure FEBEX bentonite is larger than that absorbed by pure MX80 bentonite. This means that the water retention capacity of the FEBEX bentonite is higher than that of the MX80 bentonite under constant-volume condition. A similar phenomenon was also observed by Villar and Lloret (2007) .
Water retention tests under free swelling-condition: SF1 and SF2
The results of water retention tests (m r vs. time) of samples SF1 and SF2, obtained under free-swelling condition, are presented in Fig. 6 . Similar to samples SO1 and SO2, the total swelling time of samples SF1 and SF2 is also quite long: 458 days (SF1) and 554 days (SF2). Considering that the size of the samples is only 12.5 (25) mm Â 42.5 mm, it is foreseen that the in situ saturation process will be an extremely long When calculating the S r , according to Eq. (9), the total pore volume (V P À total ) is assumed to be constant during the hydration process. This assumption does not stand under free-swelling condition since the sample volume changes a lot during the hydration process. This means that the S r calculated with Eq. (9) is not suitable to express the water retention capacity of the samples which swell under freeswelling condition. Therefore, we do not present the RH-S r curves for samples SF1 and SF2. Fig. 7 shows the water retention curves (suction-w) for the bentonite or bentonite/sand mixture measured under freeswelling condition. Once again, it is found that the behaviors of the WRCs obtained for samples SF1 and SF2 are similar to that of the bentonite/sand mixture (70% MX80 bentoniteþ 30% sand, ρ d ¼ 1.67 g/cm 3 ) measured by Wang et al. (2013) ), the water retention capacity of the bentonite/sand mixture is smaller than that of pure bentonite. In addition, different with the WRCs measured under constant-volume condition, here, at lower water contents (w¼ 10-21%), the retention capacity of the pure FEBEX bentonite is similar to that of the pure MX80 bentonite, while at higher water contents (w421%), the retention capacity of pure FEBEX is higher than that of the pure MX80 bentonite (see Fig. 7 ). However, more results will be needed to verify these observations. In addition, we find that under free-swelling condition, the initial dry density has little influence on the retention capacity of the FEBEX bentonite.
For sample SF2, volume V RH was measured at the end of each adsorption stage, i.e., RH¼ 75%, 85%, 92%, 98%, and 100%. As can be seen from Fig. 8 , the compacted bentonite/sand mixture displays a very good swelling ability under moist environment. In addition, this swelling capacity depends largely on the value of RH. For example, at lower RH, e.g., RH¼ 75%, the volume change is very small, only 0.69%, while at higher RH, the volume change is significant, e.g., at RH¼ 98% and 100%, the volume changes are 27.15% and 72.48%, respectively. This means that the swelling capacity of the compacted bentonite/sand mixture, under higher RH, is amazing. Under constant-volume condition, this moistureinduced deformation will change to a "swelling" pressure. In fact, at the initial state, the swelling of the compacted bentonite/sand SF1-unconfined-1.77 SF2-unconfined-1.77 MX80 bentonite/sand mixture (70/30)-unconfined-1.67 (Wang, 2012) Pure MX80 bentonite-unconfined-1.70 (Marcial et al., 2003) Pure FEBEX bentonite-unconfined-1.76 Pure FEBEX bentonite-unconfined-1.67 Suction ( mixture will fill the initial gap between the seals and the host rock and may penetrate through the open fractures (e.g., in EDZ) into the surrounding host rock, which is favorable for the sealing of the disposal pits. However, once sealing is obatined, the swelling pressures of these compacted bentonite/sand mixtures will increase gradually with the time until becoming stable. If the swelling pressure is too high, it may lead to rock damage rather than having a positive supporting effect on the sidewall of the host rock. This is why sand is added to the bentonite powder, namely, to limit its swelling pressure to a proper value.
In addition, cracking caused by free swelling or shrinkage is one of the major reasons of inaccuracy when measuring the volume change of the sample (Péron et al., 2007) . Cracking phenomena are especially obvious for pure bentonite (see Photo 2). It is found that more cracks will be produced during the drying process for pure bentonite than for the bentonite/sand mixture used in this study. Indeed, as shown in Fig. 9 , a continuous sand matrix exists in the bentonite/sand mixture and leads to the shrinkage or the swelling of the clay aggregate partially within the voids of the sand matrix. Therefore, the compacted bentonite/sand mixture is less sensitive to drying or wetting when comparing with pure bentonite. Furthermore, as proposed by Péron et al. (2007) , an improved ASTM Standard (ASTM D 2325, test method for capillarymoisture relationships for coarse-and medium-textured soils by porous-plate apparatus) can be used to avoid cracking when measuring the sample volume. Fig. 10 shows a comparison of the water saturation kinetics of the samples under both constant-volume and free-swelling conditions. Due to the different methods used under RH¼ 100%, for example, samples SO1 and SO2 were put in a triaxial cell and water was injected directly into the samples, while samples SF1 and SF2 were put in a hermetic chamber with RH¼ 100%, we did not plot the saturation time at RH¼ 100%. It can be observed that the confinement conditions have little effect on the saturation kinetics when RHr85%. With the increase of RH (RH485%), the difference in swelling kinetics becomes more and more pronounced. In particular, at RH¼ 100%, the difference in terms of the relative mass is noticeable, e.g., 17.50% (SF1) and 25.12% (SF2) vs. 11.34% (SO1) and 11.24% (SO2). As shown in Fig. 9 , at lower water contents, the water will first fill the intra-aggregate pores and lead to the hydration and swelling of the clay aggregate, creating a soft gel (Kröhn, 2005; Cui et al., 2008; Ye et al., 2009a; Wang et al., 2013) . This soft gel will fill the inter-aggregate pores, where enough space will be left in the inter-aggregate pores. In this phase, the effect of the intra-aggregate governing suction is predominant when comparing with the inter-aggregate capillary phenomenon (Romero et al., 1999) . Before the inter-aggregate pores are fully filled with the swelling clay aggregate, the water absorption is insensitive to the confinement conditions. Then, with the increase of RH, under free-swelling condition, the volume of the inter-aggregate pores will increase due to the swelling of the intra-aggregate. As a result, more water will be absorbed. This is not the case when the swelling is confined. After the available inter-aggregate pores are fully filled with the expanding intraaggregate, no more water can be absorbed.
Comparison of water retention properties under constant-volume and free-swelling conditions
In Fig. 11 , a comparison of the suction-w relationship is presented. It is found that the suction-w relationship is independent of the confinement conditions when w is between 10% and 18%. With the increase of w, however, the influence of the confinement conditions becomes more and more obvious. Similar phenomena have also been observed by Delage et al. (1998) , which the WRCs of compacted bentonite at higher suction levels are insensitive to the confinement conditions. As explained before, this is due to the intraaggregate governing suction at lower water contents. However, with the increase of water content, this difference becomes more and more significant, because at higher water contents, the inter-aggregate pores play a dominant role in the suction, while a large increase in the volume of the inter-aggregate pores is experienced by the compacted bentonite/sand mixture during the hydration process under free-swelling condition .
Gas permeability tests on partially saturated bentonite/ sand mixture under confinement condition
In the PGZ in situ experiment, the expected swelling pressure of the fully saturated bentonite/sand mixture is between 7-8 MPa (Liu, 2013) . As indicated before, in order to investigate the gas tightness of the central unsaturated clay barrier under in situ confining stress, another series of samples (SF 3-1-SF 3-5) were used to perform gas permeability tests. As shown in Fig. 12 , gas permeability is correlated to the water volume ratio (e w ) defined as the ratio of water volume (V w ) to bentonite volume (V b ) (Toll, 1995; Romero et al., 2011; Wang et al., 2013) : where w is the water content of the mixture, G b is the specific gravity of bentonite (G b ¼ 2:77), B is the bentonite content (in dry mass, B ¼ 0:7) in the mixture, and e is the void ratio of the mixture.
It can be observed that gas permeability is very sensitive to the water volume ratio e w (or water content) and the confining pressure P c (porosity). For example, at P c ¼ 3 MPa, the gas permeability decreased about five orders of magnitude, while e w increased from 0.07 to 0.95. In addition, at the same e w (e.g., e w ¼ 0:95), the gas permeability decreased about two orders of magnitude, while the P c increased from 3 MPa to 8 MPa. During the unloading phase, the hysteresis effect can be found. For example, the gas permeability measured at P c ¼ 5 MPa, (e w ¼ 0:68, loading phase) is about 2.96 Â 10 -12 m/s, while the corresponding value is about 1.43 Â 10 -12 m/s at the unloading phase. This means that some inter-aggregate pores were still closed even though P c had returned to the initial value. In addition, at P c ¼ 8 MPa and e w ¼ 0:95, it is found that the gas permeability is extremely low, about 1.83 Â 10 -14 m/s. This means that tightness to gas can be achieved under in situ confining pressure (7-8 MPa) even though the sample is not fully saturated. In order to calculate the intrinsic permeability, the gas permeability was correlated to 1 À e w . Here, only the gas permeability at P c ¼ 3 MPa (loading phase) was correlated, because higher levels of confining pressure will clearly alter the porosity of the sample. As presented in Fig. 13 , the gas permeability (K eff m/s) was correlated to 1 À e w through the following equation: 
, where μ is the dynamic viscosity of argon) if we set the value of e w to 0 in this equation (K rg will be 1 for the dry sample). In fact, we have tried to measure the intrinsic permeability of the dry bentonite/sand sample, and the order of magnitude is about 10 -14 m 2 (Liu, 2013) . When comparing with the K int derived from the saturated water permeability measurements (Liu, 2013) ). Similar phenomena were also observed by Lloret and Villar (2007) . They attributed this difference to the different accessible pore sizes to water and gas (0:3 μm vs:20 μm). In fact, for swelling clay, such as bentonite, it is difficult to measure the intrinsic permeability, since its pores microstructure will be changed significantly due to hydration (swelling) or drying (shrinkage).
Conclusion
The aim of this study was to investigate the water retention properties of a compacted bentonite/sand mixture under both constant-volume and free-swelling conditions, and the gas permeability of a partially saturated bentonite/sand mixture under in situ confining stress. The results show that the confinement conditions have a significant influence on the saturation kinetics of the samples (at higher RH). More precisely, under freeswelling condition, it was found that more water was absorbed and the swelling period was much longer. In regard to WRCs, it was observed that the suction-w relationship is independent of the confinement conditions when the water content is within 10-18%, while this influence is obvious at higher water contents. This phenomenon can be attributed to the different swelling mechanisms under lower water contents (intra-aggregate governing suction) and higher water contents (inter-aggregate governing suction). In addition, under free-swelling condition, the volume change was amazing at higher RH. For example, at RH¼ 100%, the volume increased 72.48% when comparing with the initial volume (just after compaction). This is due to a large increase in the volume of the inter-aggregate pores experienced by the compacted bentonite/sand mixture during the hydration process.
For gas permeability tests, it is clear that the gas permeability is very sensitive to the water volume ratio (or water content) and the confining pressure (or porosity). The gas permeability decreased gradually with the increase of 1.E-14
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the water volume ratio (or increase in confining pressure). When the sample (at e w ¼ 0:95) was subjected to in situ confining pressure (7-8 MPa), the gas permeability was very low (1.83 Â 10 -14 m/s); this indicates that tightness to gas can be obtained even though the sample is not fully saturated.
In addition, the gas permeability at P c ¼ 3 MPa (loading phase) was correlated with 1 À e w . This relationship can be expressed by an empirical equation, K ef f ¼ 4 Â 10 À 13 e 14:27ð1 À e w Þ , with a very high fitting accuracy (R 2 ¼ 0.9762). According to this equation, the intrinsic gas permeability can be obtained when the value of e w is set to 0. A significant difference between the values of intrinsic permeability derived from the water and gas flow measurements hints that the microstructure of the pores will be changed greatly due to hydration (swelling) or drying (shrinkage).
